Introduction
Soda lakes are considered exceptional to all other aquatic ecosystems in simultaneously exhibiting high productivity rates (410 g cm À 2 per day), and high pH (9.0-12.0) and salinity (up to saturation concentrations) (Melack and Kilham, 1974; Grant, 2006) . Although they are widely distributed across the globe (Grant and Sorokin, 2011) , only a few have been studied (Supplementary Table S1 ). Many soda lakes experience massive seasonal or permanent microbial blooms often resulting in distinct coloration of the lake water (Grant et al., 1990) . Soda lakes harbor considerably diverse microbial populations (Grant et al., 1990; Zavarzin et al., 1999) . Cultivation-dependent and -independent surveys of soda lakes in the East African Rift valley resulted in the isolation of several hundred strains of aerobic, heterotrophic and (halo)alkaliphilic Bacteria and Archaea (Duckworth et al., 1996 ; reviewed in Grant and Sorokin, 2011) and the detection of several novel lineages of putative Bacteria and Archaea (Grant et al., 1999; Rees et al., 2004) . The microbial diversity of Lonar Lake, a saline and alkaline ecosystem centered at a meteorite impact crater structure in the Deccan basalts in India, has been explored recently (Wani et al., 2006; Surakasi et al., 2007; Joshi et al., 2008; Antony et al., 2010; 2012a, b) . Microbes in soda lake ecosystems have attracted considerable attention as a source for biomolecules with biotechnological potential. Understanding life in soda lake environments may help answer key questions related to early life as fossilized alkaline playa lakes have been implied in the 2.3 billion-year-old Ventersdorp geological formation in South Africa (Karpeta, 1989; Jones et al., 1998) . Here, we review the microbiology of Lonar Lake and other soda lake environments and implications for exploring and exploiting the functional diversity of microbial life at high pH.
Lonar crater (19159 0 N, 76131 0 E) is a simple, bowlshaped, near-circular and remarkably well-preserved depression in the otherwise featureless Deccan Plateau in Buldhana district, Maharashtra state, India (Fredriksson et al., 1973; Maloof et al., 2010) . The crater is 1.88±0.05 km wide and approximately 135 m deep, with the rim of the crater rising 30 m above the surrounding plains. Direct evidence of impact-associated shocked materials at the crater established meteorite impact origin as the leading hypothesis for its formation (Fredriksson et al., 1973) . The age of the crater is between 12 000 years (Maloof et al., 2010) and 570 000 years (Jourdan et al., 2011) . The crater cavity is filled with breccia (4225 m) and unconsolidated sediment (30-100 m) (Maloof et al., 2010) . Most of the crater floor is covered by a saline (NaCl approximately 0.4%) and alkaline lake (pH approximately 10) that is approximately 6 m deep (Joshi et al., 2008; Maloof et al., 2010) . Although several perennial freshwater springs and streams flow into the lake, there are no stream outlets from the lake (Maloof et al., 2010) .
The physicochemical properties associated with Lonar Lake and other soda lakes (Table 1 and  Supplementary Table S1 ) influence the structure and function of their microbial communities. Observations over the past several decades suggest declining levels of Lonar Lake water salinity and alkalinity (Joshi et al., 2008) . Phosphate in surface waters of Lonar Lake was relatively lower (31.6 mM) than Mono Lake  Table 1 ). Although Lonar Lake is not known to be particularly rich in heavy metals, the American soda lakes-Mono Lake and Searles Lake (Supplementary Table S1 ) -contain dissolved arsenic levels as high as 3000 and 200 mM, respectively . Extremely high Uranium (U) concentrations have been reported in the soda lakes in Eastern Mongolia, with Shar Burdiin Lake potentially having the highest known concentrations of naturally occurring U (62.5 mM) in a surface water body (Linhoff et al., 2011) . Sulfide concentration (B200 mM) in the anaerobic waters of Soap Lake (USA) is probably the highest recorded so far in a natural water body . In comparison to Lonar Lake, the Rift valley soda lakes and Mono Lake have higher dissolved concentrations of chlorides, sulfates, sodium and potassium, whereas the reverse holds true in the case of dissolved organic nitrogen and nitrate levels (Table 1) . Chemical analysis of the Lonar Lake sediments revealed high levels of iron (21.9 g kg ), nitrate (7.9 g kg À 1
), total organic carbon (2.5 g kg ) and total Kjeldhal nitrogen (1.9 g kg À 1
) (Antony et al., 2010) .
Microbial diversity of Lonar Lake and other soda lakes
Overview of microbial communities in Lonar Lake Abundances of cultivatable aerobic Bacteria in Lonar Lake water and sediment samples were approximately 10 2 -10 4 CFU ml
and 10 2 -10 6 CFU g À 1 , respectively (Joshi et al., 2008) . Heterotrophic bacteria isolated from the lake water and sediment samples showed highest diversity and abundance within the Firmicutes phylum, followed by Gammaproteobacteria, Actinobacteria, Alphaproteobacteria and Betaproteobacteria phyla. Many isolates produce biotechnologically relevant enzymes such as lipase, amylase, cellulase and caseinase at alkaline pH (Joshi et al., 2008) . Sediment-based enrichments supplemented with C 1 substrates (methane, methanol, methylamine and dimethylsulfide) and C 2 substrates (ethanol and acetate) yielded isolates related to Halomonas, Alkalimonas, Pseudomonas, Bacillus, Methylophaga, Paracoccus, Rhodobaca and Idiomarina spp. (Antony et al., unpublished; Antony et al., 2012a). Four novel heterotrophs (Nitritalea halakaliphila, Indibacter alkaliphilus, Cecembia lonarensis and Georgenia satyanarayanai) and one novel methylotroph (Methylophaga lonarensis) have been described from Lonar Lake (Kumar et al., 2010a, b; Srinivas et al., 2012; Antony et al., 2012a) . Bacterial 16S rRNA genes retrieved from Lonar Lake sediments were mostly related to Firmicutes, Proteobacteria and Actinobacteria (Wani et al., 2006) . Assessment of key structural genes (pmoA, mmoX, mxaF and mauA) revealed many methylotrophs (Supplementary Figure S1 ) (Antony et al., unpublished) . Sequences related to Methylomicrobium-like methanotrophs, purple sulfur and nonsulfur photosynthetic bacteria were detected in the Arthrospira spp.-dominated blooms on the surface of Lonar Lake (Surakasi et al., 2010) . Community DNA-based analysis of 18S rRNA genes in sediments revealed a high diversity of micro-eukaryotes related to alveolates, fungi, stramenopiles, choanoflagellates, amoebozoans and cercozoans, and many novel lineages (Antony et al., unpublished) .
Methylomicrobium, Methylophaga and Bacillus spp. were the predominant active methylotrophs utilizing methane, methanol and methylamine, respectively, in DNA stable-isotope probing (DNA-SIP) experiments with Lonar Lake sediments (Antony et al., 2010) . Many gene sequences recovered from the 13 C-labeled DNA indicated the presence of novel methylotrophic Bacteria (Antony et al., 2010) . Subsequently, the novel moderately haloalkaliphic methylotroph M. lonarensis was isolated from Lonar Lake sediments (Antony et al., 2012a) . Interestingly, the partial 16S rRNA gene sequence of this isolate had high identity (99.8%) to some of the Methylophaga-like sequences retrieved by DNA-SIP experiment with methanol (Antony et al., 2012a) . Methylophaga are known to utilize both methanol and methylamine, but methylaminebased DNA-SIP experiments did not identify any such members. This finding was corroborated by the ability of M. lonarensis to utilize methanol alone and not methylamine (Antony et al., 2012a) . Since the genomic DNA of M. lonarensis contained mauA (encoding methylamine dehydrogenase) (GenBank accession number: JF906115) and since Methylophaga-like mauA phylotypes were obtained from sediments (Supplementary Figure S1) , it is possible that there is niche differentiation among Lonar Lake methylotrophs in their preferences for specific C 1 substrates due to the limited availability of nutrients in this extreme ecosystem. Eukaryotic small subunit rRNA genes retrieved from methane and methylamine DNA-SIP experiments were dominated by sequences related to Oxytricha longa (ciliated protozoan) and Candida spp. (fungi), respectively, suggesting either direct assimilation of C 1 compounds by the active micro-eukaryotes present or flow of labeled carbon from prokaryotes to higher trophic levels of the lake food web through grazing or decomposition of (methylotrophic) biomass and metabolites. Results from these experiments revealed a high diversity of active microorganisms that might be directly or indirectly associated with the C 1 food web in Lonar Lake sediments (Figure 1) .
Archaeal 16S rRNA genes retrieved from Lonar Lake sediment yielded five Crenarchaeotal phylotypes and eight Euryarchaeotal (mostly methanogen) phylotypes (Wani et al., 2006) . Methanogenic enrichment cultures supplemented with H 2 :CO 2 , Figure 1 Schematic outline of the hypothetical C 1 cycle and associated microbes in Lonar Lake sediments.
Soda lake microbiology CP Antony et al acetate and trimethylamine yielded sequences distantly related to Methanoculleus, Methanocalculus spp. and extant methanogens (Surakasi et al., 2007) . Methanogenic species related to Methanosarcina, Methanocalculus and Methanoculleus have also been isolated from the Lonar Lake sediments (Thakker and Ranade, 2002; Surakasi et al., 2007) . Primer sets targeting 16S rRNA genes and mcrA (encoding the a-subunit of methyl coenzyme M reductase) revealed the presence of several potentially novel methanogenic Archaea (Methanosarcinales and Methanomicrobiales) in Lonar Lake sediments (Antony et al., 2012b) . Analysis of mcrA transcripts that were retrieved from methanol-consuming and methane-emitting sediment microcosms implicated Methanolobus-like organisms as the active Archaea involved in methylotrophic methanogenesis (Antony et al., 2012b) . These methanogens may be linked to the 'intermediary ecosystem metabolism' of Lonar Lake sediments, that is, the anaerobic network of trophically linked microbes that yield intermediates (for example, fatty acids and alcohols) that drive methanogenesis either directly or indirectly (McInerney and Bryant, 1981; Drake et al., 2009) . Although much is known about methanogenic links to the intermediary ecosystem metabolism of methane-emitting ecosystems such as peatlands (Dedysh et al., 2006; Cadillo-Quiroz et al., 2008; Wü st et al., 2009; Hunger et al., 2011) , the anaerobic trophic interactions that occur in Lonar Lake sediments are poorly understood. Resolving the primary and secondary syntrophic fermenters (McInerney et al., 2008) that might be integrated to the flow of carbon in sediments of Lonar Lake would be of value since little is known of these anaerobes in soda lake environments.
Overview of microbial communities in other soda lakes Soda lakes in the East African Rift valley, KulundaTransbaikal steppes and the USA constitute some of the best characterized soda lakes in the world and several novel genera and species of autotrophic and heterotrophic microorganisms have been described from them (reviewed in Grant and Sorokin, 2011) . Numbers of cultivatable aerobic and anaerobic Bacteria in the dilute East African soda lakes approximated 10 5 -10 6 CFU ml À 1 (Grant et al., 1990; Jones et al., 1998) . Duckworth and coworkers (1996) isolated alkaliphilic Bacteria related to Halomonas, Bacillus and Arthrobacter and alkaliphilic Archaea related to Natronococcus and Natronobacterium from East African soda lakes. Photosynthetic primary productivity in these lakes has been attributed mainly to Arthrospira spp., although other cyanobacterial species related to Cyanospira, Synechococcus and Chroococcus have been observed seasonally (Jones et al., 1998) . The possible contribution of extant anoxygenic phototrophs, such as Ectothiorhodospira, towards lake primary productivity has been noted (Grant 1992; Grant and Sorokin, 2011) . Recently, an unusual cyanobacterium ('Candidatus Gloeomargarita lithophora') capable of intracellular carbonate formation was detected in the modern-day microbialites of Lake Alchichica, Mexico (Couradeau et al., 2012) . Chemoorganotrophic Halanaerobiales and Clostridiaceae constituted the predominant anaerobes in the sediments of East African soda lakes (Jones et al., 1998) . The occurrence of acetogenic bacterial taxa, such as Natroniella acetigena, Thermosyntropha lipolytica and Tindallia magadiensis (Zavarzin et al., 1994; , suggests that acetogens might be consumers of the products of other anaerobic microorganisms in these lake sediments (Grant and Sorokin, 2011) . Several 16S rRNA gene sequences related to putative novel Archaea (Euryarchaeota) were retrieved from the alkaline saltern at Lake Magadi, Kenya (Grant et al., 1999) . Haloalkaliphilic Archaea related to Natronomonas, Natrialba, Natronolimnobius and Halorubrum spp. have also been isolated from Lake Magadi and Inner Mongolian soda lakes (reviewed in Grant and Sorokin, 2011) .
Depth-based molecular profiling of bacterial communities in the Mono Lake water column showed differences in diversity between surface and bottom layers. The former being abundant in Actinobacteria and the latter being abundant in Firmicutes (Humayoun et al., 2003) . The diversity of microbial communities and their association with cycling of arsenic has been characterized in Mono Lake and Searles Lake (Oremland et al., , 2005 . Two novel arsenate-respiring heterotrophs, Bacillus selenitireducens and B. arsenicoselenatis, and three novel chemoautotrophs, Alkalilimnicola ehrlichii (strain MLHE-1), strain MLMS-1 and 'Halarsenatibacter silvermanii' (strain SLAS-1), have been isolated from these lakes (Switzer Blum et al., 1998; Hoeft et al., 2004 Hoeft et al., , 2007 Oremland et al., 2005) . Structural gene-based diversity analysis of methanotrophic Bacteria in Mono Lake revealed changes in the methanotroph community structure with respect to methane oxidation activity and recovered many sequences that were affiliated to Methylobacter, Methylomicrobium, Methylothermus and Methylocystis spp. (Lin et al., 2005) . Although anaerobic oxidation of methane is a predominant biological process in the lower waters of Mono Lake and Big Soda Lake (Iversen et al., 1987; Oremland et al., 1993) , the microorganisms responsible have not been identified. Cultivation-dependent and -independent methods employed recently in Soap Lake (Central Washington) showed the purple phototrophic bacterial population to be comprised of novel members of the Chromatiaceae and Ectothiorhodospiraceae (Asao et al., 2011) and the sulfur-oxidizing bacterial community was dominated by Thioalkalimicrobium spp. . Several methylotrophs have been isolated from the Transbaikal soda lakes (Doronina et al., 2001; Kaluzhnaya et al., 2001) and DNA-SIP experiments showed that the active methanotrophs in Lake Suduntuiskii Torom and Lake Gorbunka were mainly Methylomicrobium, Methylobacter, Methylomonas and Methylothermus spp. (Lin et al., 2004) . Since methanotrophs isolated from Transbaikal and East African soda lakes can also oxidize ammonia and carbon disulfide (Khmelenina et al., 2000; Sorokin et al., 2000a) , it is likely that these Bacteria constitute an important functional link between C, N and S cycles in soda lake ecosystems (Trotsenko and Khmelenina, 2002) . Haloalkaliphilic sulfur oxidizers of the genera Thioalkalivibrio and Thioalkalimicrobium were first isolated from Lake Hadyn in the Transbaikal region (Sorokin et al., 2000b) . These strains were also detected in sediments of northeastern Mongolian soda lakes (Sorokin et al., 2004) . dsrAB analysis of Siberian soda lakes showed the sulfate-reducing bacterial population to be comprised of phylotypes related to the orders Desulfovibrionales and Desulfobacterales . Several lithotrophic sulfate-reducing bacteria of the genera Desulfonatronum, Desulfonatronovibrio, Desulfonatronospira and several heterotrophic sulfate-reducing bacteria affiliated to Desulfobotulus alkaliphilus, Desulfobacteraceae, 'Desulfobulbus alkaliphilus' and Synthrophobacteraceae have been isolated from soda lakes in Kulunda Steppe (reviewed in Sorokin et al., 2011) . The occurrence of both autotrophic sulfur-oxidizing microbes and heterotrophic sulfate-reducing microbes in soda lakes suggests that they might be functionally linked via 'intercycle coupling' (Drake et al., 2008) , that is, via redox junctions between C and S cycles. The occurrence of heterotrophic denitrifiers, such as Halomonas, Pseudomonas and Paracoccus spp. (Table 3) , in soda lakes illustrate that the N and C cycles of these habitats are also interconnected when oxygen becomes limiting. Syntrophic associations between sulfur autotrophs related to Thioalkalivibrio in the presence/absence of other partial denitrifiers potentially mediate the denitrification process in the hypersaline soda lakes of the Wadi al Natrun (Sorokin et al., 2003) .
Key steps in elucidating the microbial diversity of soda lake environments are summarized in Table 2 . Although some differences have been observed in the microbial diversity profiles among the various soda lakes, as in the case of photosynthetic primary producers (Grant and Sorokin, 2011) , the similarities are the most conspicuous (Table 3) . This, of course, raises an interesting biogeography question as to whether soda lakes across Africa, North America and Eurasia share a core microbiota (Table 3 ) on account of dispersal over long geographical distances or whether microbiota evolved independently in each of these soda lakes under the influence of local environmental and geochemical factors.
Biotechnological potential of soda lake microbes
The global industrial enzyme market is estimated to be worth 4US$1.6 billion and detergent enzymes account for approximately 40% of this market (Ito et al., 2005) . Soda lakes are important sources of microbial enzymes that can function at high pH (Grant and Heaphy, 2010) . Through classical recovery and screening methods, two industrial cellulases have been obtained from Gram-positive Kenyan soda lake isolates, which are marketed as IndiAge Neutra and Puradax by Genencor for use in textile and laundry processes (Sheridan, 2004; Grant and Heaphy, 2010) . Alkaline proteases, lipases, amylases, chitinases and caseinases have also been reported in a wide range of Bacteria isolated from soda lake 
Cultivation of alkaliphilic Bacteria and Archaea
Rift valley soda lakes Duckworth et al. (1996) , Zavarzin et al. (1999) Molecular survey of bacterial and/or archaeal diversity
Rift valley soda lakes, Mono Lake Grant et al. (1999) , Humayoun et al. (2003) , Rees et al. (2004) Investigations on methanogenesis and methanotrophy Big Soda Lake, Mono Lake, Transbaikal soda lakes Oremland et al. (1982 Oremland et al. ( , 1993 , Iversen et al. (1987) , Khmelenina et al. (2000) Characterization of microbes associated with arsenic cycle Mono Lake, Searles Lake Reviewed in Oremland et al. (2004 Oremland et al. ( , 2005 Characterization Antony et al. (2010 Antony et al. ( , 2012b Investigations on nitrogen cycle and the characterization of microbes associated with this cycle Big Soda Lake, Mono Lake, Siberian soda lakes, Mongolian soda lakes, Rift valley soda lakes Oremland et al. (1988 Oremland et al. ( , 1990 , Sorokin (1998) , Sorokin et al. (1998 Sorokin et al. ( , 2001 , Ward et al. (2000) , Carini and Joye (2008) Characterization of diversity of chemoor photoautotrophic Bacteria Mono Lake, Kulunda steppe soda lakes, Wadi al Natrun soda lakes, Soap Lake Giri et al. (2004) , Kovaleva et al. (2011 ), Asao et al. (2011 environments, such as Rift valley soda lakes, Lonar Lake and Mono Lake (Jones et al., 1998; LeCleir et al., 2007; Joshi et al., 2008) . Halo(alkali)philic microorganisms use several different types of organic solutes as osmolytes (Ciulla et al., 1997) . Ectoine is accumulated intracellularly by soda lake microorganisms such as methylotrophs (Trotsenko and Khmelenina, 2002; Doronina et al., 2003; Antony et al., 2012a) and sulfur-oxidizing bacteria . Ectoine has many biotechnologically relevant applications, especially in molecular biology, cosmetics and therapeutics (reviewed in Pastor et al., 2010) . The search for novel genes, enzymes and other biomolecules from soda lake environments can be expedited through the application of 'focused metagenomics' strategies such as DNA-SIP coupled with metagenomic library screening (reviewed in Moussard et al., 2011) . If this approach can further be complemented with improved high-throughput screening methods and the latest advances in sequencing technology, it may lead to discovery of many commercially important enzymes and biomolecules from saline and alkaline lake ecosystems.
Future perspectives
The functional links between soda lake microorganisms and their ecophysiological roles in the cycling of major elements in soda lakes are poorly understood. The occurrence of diverse functional groups illustrates that soda lakes harbor complex microbial food webs that interconnect various biological cycles via redox coupling. Direct measurement of microbial processes and construction of elemental budgets are now needed to understand which processes are significant and how they interact in the soda lake ecosystem. To gain deeper insights into the functional guilds of microorganisms mediating the various biogeochemical processes, next-generation sequencing can be combined with advanced microbial ecology techniques such as SIP and Raman-FISH (Neufeld and Murrell, 2007) . The use of microarrays, such as PhyloChip and GeoChip (Andersen et al., 2010) , in conjunction with the measurement of specific biogeochemical parameters will aid in the rapid comparative profiling of the structure and activity of soda lake microbial communities on a spatiotemporal scale. Interestingly, microbial ecology studies conducted so far in soda lakes have been restricted to the bacterial and archaeal domains of life and little is known about the diversity, abundance and activity of microeukaryotes in such lakes. Similarly, information on the nature of trophic interactions between the various soda lake microbes and their gross contribution towards maintenance of overall ecosystem health is lacking. Future efforts in these areas will be important and productive.
Serious conservation and ecosystem management is needed to protect soda lakes, which may be perturbed by anthropogenic activity (Gebre-Mariam, 1998; Chakravarty, 2009) . Microbial diversity of soda lake ecosystems is not only central to our better understanding of the limits of life at extreme pH but also to our search for novel useful biomolecules.
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